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PREFACE 


This is the final report for the NASA Marshall Space Flight Center Contract 
No. NAS8-35666. The work has been performed at CHAM of North America, 
Incorporated, Huntsville, Alabama. 

Technical discussions with and contributions of J. H. Pratt, A. L. Worlund and 
H. Aderhold of M/SFC, and Laurence Keeton of CHAM NA are gratefully acknowledge. 


ABSTRACT 


The present report describes numerical simulation of three-dimensional 
transient distributions of velocity and temperature of liquid oxygen 
(LOX) in the LOX Dewar tank of Vandenberg Air Force Base (VAFB). LOX 
level gradually drops due to "Chi'lldown" , "Drain Back", "Slow Fill", "Fast 
Fill", "Topping" and "Replenish" procedures. The present analyses cover 
the replenish time period only. 

Four test cases have been considered. For all four cases, the input 
boundary conditions comprise of LOX facility heat loads, drain flow rates, 
recirculation flow rates and dewar heating. All the quantities are 
prescribed as functions of time. The first two test cases considered 
sensitivity of results to the computational grid. In Case 3, system heat 
load was changed, while in Case 4, a lower LOX level was specified. 

Cases 1 and 2 showed that the temperatures were not sensitive to the grid 
refinement. This provided a basic check on the numerical model. Cases 
3 and 4 showed that the thermal boundary layer motion near the tank surface 
becomes more significant at the late time, e.g. hours from replenish 
start. Comparison between results of Cases 3 and 4 showed, as expected, that 
the smaller initial LOX volume given in Case 4, results in higher temperature 
level. All calculated velocity and temperature distributions were found 
to be plausible. 

Computations were performed with the aid of CHAM's general-purpose, finite- 
difference, flow-analysis computer code - "PHOENICS". This study 
demonstrated the feasibility and benefits of three-dimensional analysis of 
LOX flow and heat transfer within the Dewar. 


Section 1 
INTRODUCTION 


BACKGROUND AND OBJECTIVE OF THE STUDY 

The Space Shuttle External Tank (ET) L0 2 storage system at Vandenberg Air 
Force Base (VAFB) is smaller than at KSC, and thus it is expected to be more 
sensitive to heat loads. In the present study, attention is confined to 
the L0 2 Storage Dewar Tank of VAFB. During an ET loading operation, L0 2 
(or LOX) level gradually drops due to the "Chilldown", "Drain Back", 

"Slow Fill", "Fast Fill", "Topping" and "Replenish" procedures. Figure 1-1 
shows a schematic of the dewar tank and LOX levels at the end of these 
operations. 


The temperature of LOX leaving the Dewar tank is a strong function of LOX facility 
heat loads, drain flow rates, recirculation flow rates and dewar heating. The 
present study is concerned with the LOX flow and heat transfer ‘during the 
replenish period. The objective is to elucidate the flow and heat transfer 
details in the LOX Dewar. This information is useful in the analysis of overall 
system. 

NATURE AND SCOPE OF THE STUDY 

CHAM of North America Incorporated has performed computations and analysis of 
LOX flows with boundary conditions specified by the NASA Marshall Space Flight 
Center (MSFC). The study consisted of a total of four test cases. 

Throughout the study, frequent discussions were held between MSFC and CHAM 
personnel. The results of each test case were presented in a meeting held at 
MSFC. Written discussions of results with graphical representations were also 
supplied in these meetings. 

PURPOSE AND OUTLINE OF THE REPORT 

The purpose of this report is to record the following: 

1. Assumptions, mathematical basis and computational details of the 
numerical model; 
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star 
Loading 


1 Chilldown 


2 Drain Back 


3 Slow Fill 


4 Fast Fill 


5 Topping 


6 Replenish 


279,000 (93 % LOX) 


17 min 


271,220 


10 min 


270,495 


12 min 


266,785 


30 min 


146., 810 


119,975 


20 min 


7000 


112,975 


5.5 hrs 


44,554.5 


68,420.5 


Figure 1-1. A Schematic Diagram of the Dewar Tank and 
LOX Levels During an ET Loading Operation. 
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2. Specifications of the test cases considered; 

3. Computed results and observations; and 

4. Conclusions and recommendations. 

The report has been divided into four sections. The next section (Section 2) 
describes assumptions and mathematical basis. Specifications of the test cases, 
results and discussion are provided in Section 3. More detailed results 
viz. graphical display of calculated flow patterns, and temperature distribution, 
and tabulated data for total and average quantities are provided in Appendices, 
Separately for each case. Conclusions of the present study and recommendations 

i 

for further analysis are presented in Section 4. 


Section 2 
NUMERICAL MODEL 

A numerical model has been developed to calculate velocity and temperature 
distributions of liquid oxygen (LOU) in a spherical dewar tank. To focus 
attention to the "Replenish" period* the initial condition is assumed to 
be quiscent liquid of uniform temperature, up to an appropriate level in the 
tank. The development of subsequent LOX motion and temperature nonuniformity 
are calculated by solving the conservation (transport) equations for mass, i. 
momentum, energy and two turbulence parameters (viz: turbulent kinetic energy 

k, and its dissipation rate e) . These equations are solved by using CHAM's 

general-purpose Computational Fluid Dynamics (CFD) code: PHONEICS [ Reference 1] , 

which employs an iterative finite-difference solution procedure. 

Further assumptions and salient features of the model are summarized below. 

l. Computations are performed for the liquid phase (LOX) only. No heat or 
mass transfer to the gaseous phase, aoove LOX, is accounted for. 

2. The dewar boiloff heat loadings are specified as heat fluxes through 
the dewar wall. These heat fluxes are assumed to be distributed 
uniformaly at the lower quarter of the dewar surface. 

3. Flow is treated as transient, three-dimensional, turbulent and elliptic. 

4. Fluid is assumed to be incompressible. Density and other fluid properties 
are calculated as functions of local temeprature. The following fluid 
properties, linearly related with temperature, have been used. These data 
are taken from Reference 2. 

- Fluid Density: 

P = 99.123 - 0.179T lbm/ft 3 

- Molecular Viscosity: 

y » (48.943 - 0.219T) x 10" 5 Ibm/ft-sec (2-2) 

- Heat Capacity: 

C p = 0.357 + 0.0003T Btu/lbm°R ^ 2 _ 3 ) 
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Laminar Prandtl Number: 
a * 5.998 - 0.0233T 


(2-4) 


With the above equations, at 162. 9°R and 9 psig, LOX has the following 

values: 

p =71.12 lbm/ft 3 ; 

y = 1.3268 x l(f 4 lbm/ft-$ec; 

C p = 0.4058 Btu/lbm°R; 

a = 2.202. 

5. A cylindrical ploar coordinates (x, y, z) system is employed, where x 

is the circumferential direction, y is the radial direction and z is the 
longitudinal direction. The parts of calculation domain lying outside 
the spherical tank and aoove the liquid level are blocked off by 
prescribing appropriate "porosity" values. Porosity values are zero for 
fully blocked cells, unity for unblocked cells, and between 0 and 1 
for partially blocked cells. 

Separate values are assigned for the volume and cell -face areas of each 
control cell. The porosity values determine the proportion of the cell 
volume which is available for occupancy by the fluid, and the proportion of 
each cell -face area available for flow. This practice is much more rigorous 
and accurate than the practice of using rectangular steps. 

The practice of simulating the arbitrary-shaped boundaries by porosities 
in an orthogonal coordinate system has been successfully used in many 
applications of both internal and external flows, including for space- 
shuttle problems [References 3, 4 and 5], 

6. To simulate the changes of liquid level with time, porosity values of 
relevant control cells are updated with time. 

7. The wall shear stress is calculated by using the conventional wall functions 
which are based on the assumption of logarithmic law of wall. For partially 
blocked control cells, wall shear stress are calculated for the projected 
surfaces parallel to velocity components. 
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- Definition 



n 

* + 


( 2 - 6 ) 


- Logan* thmic law of wall 


+ 

u < 


= b Inc y + ; for y + > 11, 

K. 

i = y + j for ,y + <11.5 


(2-7) 


where t $ represents shear stress, y and p are molecular viscosity and 
density o( fluid, u is the velocity component parallel to wall in the 
adjacent control cell, and 6 is the distance between the wall and the 
center of the control cell. Y and u are the normalized distance and 
velocity as used in the logarithmic law of wall, k is Von Karman constant, 
taken equal to 0.4, and E is another empirical constant, which for a smooth 
surface has the value of 9.0 [Reference 6]. 

As a consequence, the wall shear stress is simulated by the following; 


T - p ~ p o-u 

wall 1 wall 9y wall 6 


(2-8) 


where r wa -j-) 5 "p is the friction coefficient for momentum transfer to 
wall. u 


8, British units are used in the calculations. However calculated global 
quantities are printed in both British and S.I. units. 
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Section 3 

TEST CASES AND RESULTS 

This section describes the specifications of Test Cases 1 to 4. The Input 
boundary conditions comprise of LOX facility heat loads, replenish flow rates, 
recirculation flow rates in dewar and dewar bo^loff heating. These quantities 
are prescribed as functions of time. For ready reference, relevant supplied 
input data are included in Appendix A. 

TEST CASE 1 

Figure 3-1 shows the selected grid distribution for Test Case 1. A total of 
1620 (NX*10, NY n 9 and NZ«18)> control cells have been used to cover the region 
of interest, i.e. LOX filled region during replenish time period. Six time 
steps of 2000 seconds each are used to cover the first 12000 seconds of the 
replenish period. 

The. distribution near the LOX free surface is so chosen that one row of 
owntrfii cells is emptied in each time step. The porosities of relevant 
carls are prescribed according to the level changes with time. The model has 
been checked out for consistency between LOX levels, volumes and flow rates. 

As mentioned earlier, the analysis starts at the beginning of replenish time. 
Liquid oxygen is assumed to be quiscent with J Q = 162. 9°R; and p Q = 9 psig. 

Based on the VAFB L0 2 consumption data (Table A-2), LOX occupies 112975 gallons 
(15102.56 ft^) of the dewar with the level of 17.71 ft. measured from the bottom 
of dewar, at the beginning of replenish. 

The following conditions are used as boundary conditions: 

- Volumetric inflow from 8"cf) return pipe is fixed, and is equal to 
390 gpm. 

- Heat flux (gain) through tank wall is deduced from the LOX dewar 
heat load boil off; i.e. 

Qflux = 80 lbm/hr x 89.45 Btu/lbm = 7156 Btu/hr 
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This heat flux Is uniformly distributed at the lower quarter of the 
dewar surface (i.e. for 11 >12, In Figure 3-1). 

- The outlet pressure of the liquid oxygen is fixed to a reference value 
(9 psig), Since the flow is incompressible, this does not influence 
density or the flow distribution. The liquid level time variations are 
deduced from the balance of replenish outflow (525 gpm) and recirculation 
inflow (390 gpm). Specifications of LOX level time variations for this 
case are given in Table 3-1. 


Table 3-1 

Specifications of LOX Levels (Case 1) 


Tine 

Instant 

Time 
from the 
start of 
replenish 
(sec) 

LOX Liquid 
Volume 

(ft 3 ) 

Liquid Level 
(measured from 
the bottom) 

(ft) 

T o 

0 

15102.56 

17.71 

T 1 

2000 

14500.96 

17.27 

T 2 

4000 

13899.36 

16.83 

T 3 

6000 

13297.76 

16.38 

T 4 

8000 

12696.16 

15.93 

T 5 

ioooo 

12094.56 

15.48 

T 6 

12000 

11492.96 

15.01 

NOTE: Total 

LOX Volume Reduction (for whole dewar) in 3.3 

hrs = 3609.6 ft 3 


- Facility heat load, i.e. heat gained by LOX from dewar outlet to 8 "cp 
return inlet, is estimated from the drain line temperature measurement 
(Figure A-2). The corresponding heat flow through 8” pipe is: 


^in^in p in ^in C p T in 


(3-1) 


Based on the overall energy balance and the dewar outlet temperature, 
the above heat flow is equa valent to a facility heat load, Q, having 
the following relationship: 





Ptu/lbm 


(3-2) 
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where T QUt is the dewar outlet temperature. 

Figure 3-4 illustrates the resultant Q ^ time variations for this case. 
TEST CASE 2 

For Case 2, the geometry and flow conditions are the same as for Case 1. 

However there are the following differences in numerical parameters, 

1. Only half of the dewar is simulated due to the symmetry of both 
geometry and boundary conditions imposed. 

2. Finer grid distribution is used in the circumferential direction. 

3. Calculation duration is extended up to §£ hours, instead of 3i hours. 
Hence the calculations cover the whole replenish and also the additional 
hold periods. Nine time steps are used; with AT = 2000S for the first 
seven time intervals and AT = 2800S and 3000S for eighth and ninth 

time steps, respectively. 

Figure 3-2 shows the grid distributions. A total of 1944 (NX=12, NY=9 and NY=18) 
control cells have been used. Specifications of LOX level ^ time variations for 
Case 2 are given in Table 3-2. 

Table 3-2 

Specifications of LOX Levels (Case 2) 


Time 

Instant 

Time From the 
start of 
Repl enish 

(sec) 

LOX 

Liquid 

Volume 

(ft 3 ) 

Liquid Level 
(measured from 
the bottom) 

(ft) 

TO 

0 

15102.56 

17.71 

T1 

2000 

14500.96 

17.27 

T2 

4000 

13899.36 

16.83 

T3 

6000 

13297 .76 

16,38 

T4 


12696.16 

15.93 

T5 

10000 

12094.56 

15.48 

T6 

1 2000 

11492.96 

15.01 

T7 

14000 

10890.. 

14.55 

T8 

16800 

10050.00 

13.88 

T9 

19800 

9146.50 

13.14 


LOX Volume Reduction for Whole Dewar in 5.5 hrs = 5956.06 ft 3 
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LOX Level Drops in 5.5 hrs (Cases 2 & 3) 


GRID USED 

NXiNY-NZ = 12 x 9 x 18 


PLAN 



Figure 3- 


y = 21 '-3" 


16"cj) 

Elevation (Section E- 
2. Grid Distributions for Cases 2 and 3 


E) 


Ini et/Outlet 
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13.14 ft ^4.5 


TEST CASE 3 


Specifications of Cases 3 and 4 were determined after the study of results for 
Cases 1 and 2. Case 3 is identical to Case 2, except for the prescription of 
a constant heat load (Q = 231,226 Btu/hr) throughout the replenish period 
(Figure 3-4). Grid distribution and specification of LOX level 'v time variations 
for Case 3 are given in Figure 3-2 and Table 3-3, respectively. 


Table 3-3 

Specifications of LOX Levels (Case 3) 


Time 

Instant 

Time From the 
Start of 
Replenish 
(sec) 


Liquid Level 
(Measured 
From The 
Bottom) 
(ft) 

T o 

0 

15102.56 

17.71 

T 1 

2000 

14500.96 

17.27 

T 2 

4000 

13899.36 

16.83 

X 

'3 

6000 

13297.76 

15.38 

T 4 

8000 

12696.16 

15.93 

T 5 

10000 

12094.56 

15.48 

T 6 

12000 

11492,96 

15.01 

t 7 

14000 

10890.00 

14.55 

T 8 

16000 

10290.00 

14.07 

Tq 

18000 

9688.00 

13.59 


19800 

9146.50 

13.14 

LOX Volume Reduction in Whole Dewar in 5.5 hrs 

= 5956.06 ft 3 


TEST CASE 4 

For Case 4, all but one condition are specified to be identical to those of 
Case 3. The changed condition is the lower LOX level at the start of replenish 
period such that at the end of 5£ hours replenish period, LOX level is close 
to the top of 8"<J) return pipe. Grid distribution and specification of LOX 
level ^ time variations for Case 4 are given in Figure 3-3 and Table 3-4, 
respectively. 
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|«5 .405ft |« 


GRID USED 


NX.NY.NZ = 12 x 9 x 18 



8" <f> Return Pipe 



14.06 ft 



Table 3-4 

Specifications of LOX Levels (Case 4) 


Tine 

Instant 

Time from the 
Start of 
Replenish 
(sec) 

— 

■■ 

Liquid Level 
(Measured 
from The 
Bottom) 
(ft) 

T o 

0 

10272 

14.06 

Tl 

2000 

9670.4 

13.57 

T Z 

4000 

9068.8 

13.08 

t 3 

6000 

8467.2 

12.58 

t 4 

8000 

7865.6 

12.06 

T 5 

10000 

7264 

11.53 

T 6 

12000 

6662.4 

10.99 

T 7 

14ooo 

6060.8 

10.42 

T 8 

16009 

5459.2 

9.839 

T 9 

18000 

4857.6 

9.229 

tin 

19800 

4315.94 

8.655 

NOTE: Total Volume in Whole 

Dewar in 5.5 hrs = 5956.06 ft^ 
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PRESENTATION OF RESULTS 

For each case, results are presented in the following forms. 

1. Velocity vectors and liquid temperature contours at selected 
horizontal and vertical planes (Appendices B, C, D and E). 

2. Global parameters printout (Appendicies F to H) for the time variations 
of the following quantities: 

- average temperature and density; 

- resident mass of liquid oxygen in the tank; 

- resident thermal energy in dewar. 

3. Liquid temperature ^ time variation diagrams, (Figures 3-5 - 3-8); 
these include temperatures near the entry (8"<J> inlet), exit ( 1 6 n <J> 
outlet), and the LOX average temperature. 

DISCUSSION OF RESULTS 
Velocity Distribution (Case 1) 

The flow development within the LOX storage dewar is shown by velocity vector 
diagrams in Appendix B. Figure B-l presents vector diagrams for the horizontal 
plane passing through the injection point of the 8 " (/) return pipe, and for the 
vertical plane containing both inlet and outlet pipes. Figure B-l is for t = 
4000 seconds. Similar diagrams for t = 12000 s are presented in Figure B-2. 

The last set of diagrams are for a normal vertical plane marked as section 
F-F in Figures B-5 and B-7. 

The main observations from the velocity vector diagrams (Figures B-l and B-2) 
are: 

1. The jet spreading and turning for the 8"4> return pipe show 
plausible trends. Three recirculation zones are created, one 
above the 8"(j) return pipe, and the other two along the tank wall 
(due to the buoyancy effect). 

2. Strong flow motion is observed: 

a) near the jet spreading region; 

b) at the sur ace of LOX; 

c) near the dewar tank surface; and 

d) at the outlet. 
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As a consequence of the nonuni form velocities, nonuniform heat 
transfer coefficients are expected near the wall. 

3. Recirculating eddies have been well developed at the late replenish 
time (at 12000 secs). 

Temperature Contours (Case 1) 

Isothermal contours at early and late times are also presented in Figures B-3, 
B-4, B-6 and B-8. As can be seen in these diagrams, the hot zone is concentrated 
in the jet region and the cold fluid is located at the bottom of dewar. 

Velocity Distribution and Temperature Contours (Cases 2-4) 

Figures C-l to C-12 through E-l to E-12 present results of Cases 2, 3 and 4 
in the same form as used for Case 1. 

Effect of Grid Refinement 

The comparison between Cases 1 and 2 presented in Figure 3-5 shows that 
except for the liquid temperature near the 8"cj> return pipe , the 
temperatures are not sensitive to grid refinements. 

Effect of Replenish Time Duration 

Velocity vector diagrams for Case 2 are similar to those of Case 1. 

However, the thermal boundary layer effect near the tank surface becomes 
more profound at the late time, i.e. 5£ hours from replenish start. 

Figures C-3 and C-ll show that all near-wall fluid moves towards the 
wall and has an upward motion. This indicates that at late replenish 
times, thermal boundary layer type motion becomes more important than 
that of inlet jet entrainment. 

Effect of Facility Heat Loading 

Figures 3-6 and 3-7 show liquid temperature variations with time for Cases 2 
and 3, respectively. Decrease in temperature rises in Case 2 (Figure 3-6) 
is due to the reduced facility heat load used (see Figure 3-4). 

Effect of Initial LOX Level 

The comparison between Cases 3 and 4 presented in Figures 3-7 and 3-8 show 
that: 


3-11 


I 

I 

I 

i 

I 

K 

I 

I 

I 

I 

I 

I 

a* 

1 

I 

I 

i 

i 

■ 


1. An Increase in temperature rise in Case 4 (as compared to Case 3, 

Figures 3-7 and 3-8) is due to the smaller LOX volume in dewar. 

?,. Velocity vector diagrams (Figures E-l to E-12) are similar as in Cases 
1» 2 and 3. However, the fluid motion in Case 4 is stronger that in 
Case 3. 

3. Temperature contours show similar patterns in all cases. However, 
comparison between results of Cases 2 and 4 shows, as expected, that 
the smaller LOX volume gives higher temperature level. 

In all cases, exit temperature of LOX tends to approach the average temperature 

towards the end of replenish period. 
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Section 4 

CONCLUSIONS AND RECOMMENDATIONS 

The main findings of the calculations presented in Section 3, are summarized 
below. 

1. Results of Cases 1 and 2 show that temperatures are not sensitive to 
grid refinements, except for the liquid temperature near the 8"cf) return 
pipe. This provided a basic check on the numerical model. 

2. Calculated velocity and temperature distributions for all cases show 
plausible flow patterns which develop due to: (a) the falling liquid 
level; (b) the LOX flow through 8"c|) and 16"c|> pipes; and (c)‘the gains 
of heat through dewar wall, and 8"cj> return pipe, 

3. Computer time requirements were modest. For example, 300 seconds of CPU 
time on Perkin-Elmer computer were used for each time step with 1944 
control cells. 

The results and analysis presented in this report have demonstrated the 
feasibility of simulating LOX flow and heat transfer details in the dewar tank 
considered. Such simulations can assist in the reduction of temperature 
exceedances during ET system heat loadings. 

Further analyses with different heat flux distributions through wall and 
different system heat loads are recommended. 




I 
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APPENDIX A 


SUpjHIed Input Data for the Flow and Heat Transfer Analysis 
of the VAFB LOX Storage Dewar Tank 


VAFB 0 2 Loading 


• 0 2 Dewar Heat Load Boil off 801b/HR. 

• Start loading with 93% 0 2 in dewar. 

• Assume Replenish flowrate from dewar - 525 gpm. 

• Recirculation flow in dewar (during replenish only). <390. gpm. 

• Initial 0 2 Condition - Saturated at 1 Atmosphere, 

• 0 2 Dewar presurized to 9 psig at initiation of chill and remains 

there 1 , throughout replenish. 

o Facility Heat load from Dewar outlet to return inlet - 310,000 Btu/Hr 


23rd PS1G AGENDA ITEM VI. F. 


VAFB L02 CONSUMPTION 


PROCEDURE ENGINE BLEEDS ET VENT FACILITY COOLDOWN IN ORB ITER TOTAL L02 
TIME GALLONS/GPM GALLONS /GPM GALLONS GALLONS GALLONS 


Chilldown 425/25 

(17 Win) 

510/30 

2, 585 • 

4,260 

7,780 

Drain Back 250/25 

(10 min) 

300/30 

175 


725 

Slow Fill 600/50 

(12 min) 

360/30 


2,330 

3,710 

Fast Fill 37600/120 

(30 min) 

900/30 


142,310 

146,810 

Topping 2,400/120 

(20 min) 

600/30 

700 

t 

3,3oo 

7,00 6 

Replenish 24,600/120 
(3 hr, -25 rain) 

6,150/30 

7,175 

• 

37,925 

L02 Storage 
Tank Boiloff 
4 hr-SA min 


1,833 

1 

1,833 

Total L02 31,750 

8,820 

% 

12,888 

152,220 

205,783 

2 HOUR ADDITIONAL REPLENISH 

# 


22,200 

Total L02 




227,983 


RESIDUAL IN TANK ‘ 51,017 


A-2 



AGENDA ITEM VII I, B 


TIM MEEHAN 


22ND PSIG 
VAFD i\\ 0 AND LO 2 LOADING TIMELINE 


IN 


Lib TIMELINE 

CHILLDOWN (9 MIN) 
SLOWFILL (24 MIN) 
FASTFILL (37 MIN) 
TOPPING (8 MIN) 
REPLENISH (3 UR 25- MIN) 
ADDITIONAL HOLD 
CAPABILITY (2 HR) 



MuenassiM 


LO : TIMELINE . 

blllLLDOWN (17 MIN) 
DRAINBACK (5 MIN) 
SLOWFILL (12 MIN) 
FASTFILL (30 MIN) 
TOPPING (20 MIN) 
REPLENISH (3 HR 25 MIN) 
ADDITIONAL HOLD • 
CAPABILITY (2IIR) 


mm 

l 





START OF L0 2 LOADING 



1 

START OF REPLENISH 


START OF LH 2 LOADING 


T 


NORMAL LAUNCH TIME 


Figure A-l 


A-3 
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I APPENDIX B 

| Graphical Results (Velocity Vector Diagrams 

and Temperature Contours) of Test Case l 

I 

I 

I 

I 

s 

I 

I 



il 










re k 


Case 1 


t ■ 12000s 
(3,33 hr 








Figure B-8 Temperature Contours at t 









APPENDIX C 

Graphical Results (Velocity Vector Diagrams 
and Temperature Contours) oil Test Case 2. 


















VMAX » 0,39 ft/ sec 


c 

t = 4000s 
(1.11 brs) 


Elevation (Section F-F) 



Temperature °R 
Contours 


1 163.50 

2 163.60 

3 163.70 

4 163.80 

5 163.90 


Elevation (Section F-F) 



CASE 2 
t = 4000s 
(1.11 hrs) 


16.83 ft 


Figure C-8 Temperature Contours at t = 4000s 



VMAX * 0.45 ft/sec 


Elevation (Section F-F) 


t = 12000s 
(3.33 hrs) 



’Figure C-9 Velocity Vectors at t = 12000s 


Temperature °R 
Contours 

7 164.90 

8 164.95 

9 165.00 

10 165.05 

11 165.10 


CASE 2 

Elevation (Section F-F) t - 12000s 

(3.33 hrs) 



Figure C-10 Temperature Contours at t = 12000s 







APPENDIX D 

Graphical Results (Velocity Vector Diagrams 
and Temperature Contours) of Test Case 3 
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15 
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16 
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17 
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18 
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19 
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20 

If 

21 
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22 

If 

23 

If 




VMAX = 0.38 ft/sec 


Elevation (Section F-F) 


t * 4000s 
(1.11 hrs) 


V 





* 

/ 

r 

* 


9 • • 

t • * 


• 9 




16.83 ft 


Outlet Velocity = 0.829 ft/sec 


Figure D-7 Velocity Vectors at t = 4000s. 


Temperature °R 
Contours 

1 163.3 

2 163.4 

3 163.5 

4 163.6 


Elevation (Section F-F) CASE 3 

t = 4000s; 



Figure D-8 Temperature Contours at t = 4000s. 


VMAX * 0,43 ft/sec 


Elevation (Section F-F) 



✓ i ' 


- V 
1 / 


Outlet velocity - 0.8055 ft/sec 


Figure D-9 Velocity Vectors at t = 12000s 


Temperature R 
Contours 

6 164.55 

7 164.60 

8 164.65 

9 164.70 


Elevation (Section F-F) 



Figure* DP10 Temperature Contours at t = 12000s 





APPENDIX E 


Graphical Results (Velocity Vector Diagrams 
and Temperature Contours) of Test Case 4 



13.08 






66*01 












Elevation (Section E-E) 


Figure E-6 Temperature Contours at t = 








VMAX = 0.46 ft/sec 


Elevation (Section F-F) 


Case 4 
t * 12000 S 



Temperature °R 
Contours 


165.35 
165.40 
165.45 
165.50 
165.55 
165. GO 
165.65 
165.70 


Elevation (Section F-F) 


Case 4 
t = 12000 S 


(3.33 hrs) 



Figure E-10 Temperature Contours at t = 12000s 








APPENDIX F 


Global Parameters Printouts of Test Case 1 


mass inflow rate uum/sj = <? f u7t+oi 

CALCUL'a rfl) UUTFLI.JW CLBM/S) 9 "B,3b2E+Ul 
TOTAL j*1 A 5 3 U(* LC)X (LBM ) a I,u3UE+0b 
(DIAL LUX VOLUME s I,4b0b+o4 

f U 1 AU HASSAENIH UUU “) a b.BjOfctUV t = 

AVERAGE DENSITY ClttM/Ff*n3j » 7. l6«E+ol 

AVERAGE (EMPERaTURE ( '« ) <= l f 633t4o2 

MASS I NF'LUW RATE (LBM/S) = 6, 1 E5E + 0 1 

CALCULATED OUTFLOW (LBm/8) s «& t 'i4lE + 6i 

Total mass of tux (Lbm ) * 9;sbbEfo5 

to t AU Lux VOLUME CM**3) = W390E404 t = 

Total mass*enth (Bru j b 6,ss8£-f07 

AVERAGE UEfM3I T Y C L ti M / p T**3I a 7.098E + 01 
AVERAGE TEMPERATURE c R') B t t 6i7E40a 

MASS INFLOW Rate (LBM/S) = b,l24EtOl 
CALCULATED OUTFLOW UOm/S) = -0,i22tfui 
It J T ! A L MASS OF LOX CLD" ) a «MJitfOS 

TOTAL LUX VOLUME (M**J) £ i„330E+04 

total ha^saenth (tnu ? = 6,ae<ifc+o7 t = 

AVERAGE DENSITY (LHh/H**3J a 7.U92E401 
average I EmPER a T URt c N ) a l,b4uE4o2 


mass inflow rate clhm/s) 

CALCULATED OUTFLOW (LBM/s J 

Total' ma8s of lox (lbm ) 
total. Lux volume (ft** 3) 
TUfAL HA3S*ENTH CBTU ) 
AVERAGE DENSITY (L6M/FT**3) 
AVERAGE TEMPERATURE t R ) 


6, 12HE+0T 
iOiE + Ot 
S,99'?E + Q5 
i ,2?oE+04 t = 
6, OOVE-f 07 
7 # o8bE4 o l 
i ,64*18 + 62 


MASS INFLOW RATE UBM/SJ a b,120E+0l 
CALCULATED UUTFLUrt (LBM/S) a -8 # 09iE+Ol 
Total mass of lux (Ldm ) = e,$6^E4o$ 

Total Lux volume (ft** 3) = t,2o9E+o4 t = 

Total mass*enth (Otu ') = s.ti2t+y7 

AVERAGE DENSITY (LBM/FU*3J a 7,'O8it + 01 
AVERAGE IEMPERATURE ( ' R* ) a t f 64/E + ()2 

mass inflow rate clum/sj = b.nst + oi 
CALCULATED outflow I LB M/3 ) a «S,U97E + 0i 
TOTAL mass OF LOX (LBM . ) ~ S.U2E + U5 , 

TOTAL LUX VOLUME (FT**3) a i,i49t+y4 t= 

Total Mass*entfi (Btu ) = 5 f us4E+o7 

AVERAGE DENSITY CLBM/FT**3J a 7 ♦ 0 7 b £ + 0 1 
AVERAGE TEMPERATURE ( R') a I f b50h+y2 


Table F-l 

Global Quantities printout, for whole LOX Tank - Case 
(British Units) 


2000s 


4000s 


6000s 


8000s 


10000s 


12000s 


MASS INFLOW RATE (KG/S) 
CALCULATED UU1FL0W (KG/S) 
tuFAL MASS OK LUX (KG ) 
! U T AU LUX VULUME (M**3) 
| (J 1 A U MaSS*E’nVH (JOULES) 
AVERAGE DENSITY (KU/M**3 ) 
AVERAGE I EMPERATURE ( K ) 


2,7/9Et0l 
ni, 7UtiE + 0i 
4,o72E+u 5 
4,i06E4y2 
7,2uitt JU 
1 f UBEfU3 
<M/*£+ui 


t = 2000s 


MASS INFLOW R A ( E (KG/S) a 
CALCULATED OUTFLOW (KG/S)’ a 
TOTAL MA§3 OK LUX (KG ) a 
TCJIAL Lux VULUME (M**3) a 
TOTAL MaSSaENTH (JOULES J a 
AVERAGE DENSITY (KG/M**3 ) a 

AVERAGE temperature ( K ) = 


2,770ETl)l 
*"3,692k'f0i 
M74& + 65 
3,936E+0E 
6,9131+10 
i , 137E+03 
9 , 094E + 0 1 


t = 4000s 


MASS' INFLOW RATE (KG/SJ 
CALCULATED UU1FLOW (KG/S) 
(UIAL MASS OF LUX (KG ) 
TOTAL Lux VOLUME (M**3) 
T U T A L MaSS*ENTH (JUULfcS) 
AVERAGE DENSITY (KG/M**3 ) 
average Temperature ( k ) 


2.777E+U) 

-3.683E+ 0 1 
4,2/) t+OS 

3, 766E + 02 t a 6000s 
6„62bEtiu 
i„136ETu3 
9. 1 UETti i 


MASS INFLOW RATE (KG/S) a 2 t 7?6fc + or'‘ 
CALCULATED OUTFLOW (KG/S) a «3 f 6/SEE0i 

Total mass of lux (Kg ; a 4 f 0BoE+u5 

rut AL Lux VOLUME (M**3) = 3,$95E4-o2 

TOTAL MaS 8*ENTH (JOULES) a 6,334£+i0 t = 8000s 

average density ckg/m** 3 ) a i,i3$t+o3 

AVERAGE TEMPERATURE ( K ) a 9,i32E+0i 


MASS INFLOW RATE (KG/S) 
CALCULATED OUTFLOW (KG/S) 

Total mass of lux ckg ) 

TOTAL lux VOLUME (M**3) 

Total Ma-ss*enth (joules) 
Average density (Kg/m**3 ) 

average Temperature t" k ) 


2, 7756.4-0 i ' * 
-3.'6s9E + 0i 
3 ,b84E+0S 

i,425E4-02 t = 10000s 
6, 042E + 10 
1 ;i34E4 1 oi 
9 , i 49E + o 1 


MASS INFLOW RATE (KG/SJ = 2,/74E + Qj,' 

calculated outflow c kg/ s j i -3„672E+dt 

Total mass of lox (Kg ) = 3,68aE4-os 

fUTAL LUX VULUME (M**3) a 3 f 25bt + 02 . onnn 

f U f A L MAS3H.NTH (JOULES) a 5 1 749E + i 0 t = 12U0US 

A VtRAGE DENSITY (K(i/M**3 ) = l,'i3it + 03 

average Temperature. c k ) = 9,l65Etoi 


Table F-2 

Global Quantities Printout, for whole LOX Tank - Case 1 

(S.I. Units) 


APPENDIX G 

Global Parameters Printouts of Test Case 2 


I . *, w #* ° 

MASS INFLOW RATE (LBM/8) * 3i064E-fOl 

CAtCUtXrfeO OUTFLOW (LBM/8 ) B i.4|'644fc*0i 
TOTAL MASS OF LOX (LBM ,) A 5*'iSI&403 
to t AU Lux VOLUME (Ft**3) A 7,'2$iM0$ 
TUfAL Hass*emth (BTO ') B Mi$£W 
AVERAGE DENSITY (LBM/F t **3) A 7,'l04E+0i 
average Temperature < *R * ) ■ 1 * 6SSE-f os 


t * 2000 s 


MASS INFLOW RATE (LBM/8) e 3 • 063fct0 1 
CALCULATED OUTFLOW (LBM/S) A «3*$97E*0i 
TOTAL MASS OF LOX ( Lbm ) A 4 # '9$3Ei05 

Total Lox volume (Et**3? a 6*9501103 
TOTAL Mass*ENtH (BTO ) A J t 2T9E’fOT 
average density (LBm/Ft **3j a 7*Q9ea-foi 
average Temperature ( R ’ ) a i;'63?£-f02 


t = 4000 s 


mass inflow rate 
Calculated outflow 
total mass of lox 

TOTAL Lox VOLUME 
fOfAL MAS3*ENTH 

Average density {Lbm/fT**3) 
average Temperature ( r ' j 


(LBM/S) 
(L'BM/8) 
(L'bm ) 
(l*t**j) 
(BTO 


3*06?E+0i 

4,7i5|f0$ 
&4 649&-F03 
$ * 0? 
7,09*1+01 
1V646&*02 


t = 6000 S 


mass inflow rate (Lbm/s) 
calculated outflow (Lbm/sj 
total mass of lux (Lbm ? 
TOTAL Lox volume (FT**3) 
total MA3S*ENTH (BfU ) 
AVERAGE DENSITY CLBM/FT**3J 
AVERAGE TEMPERATURE ( R‘ ) 


p 3,Q6lE+Ul 
A -$, 9 § 5 £+ 0 i 
A M9S&T05 

A 6 # '348E + 03 t = 8000 S 

a 3 * 004^07 
= 7 „ OSSET 0 1 

A 1,644 ET02 


mass inflow rate ubm/sj « 

CALCULATED OUTFLOW (LBM/S) a 

total' mass op lox (Lbm ) a 

TOTAL Lux VOLUME (F‘T**3) A 
TOTAL MASs*ENtH (BTO ') A 
AVERAGE density (LBM/F1**3) A 
AVERAGE TEMPERATURE ( ’FT) A 


3*O(»0E + 0l 
*3,96 IE -fO l 
4,SBeET05 
6 *0478+03 
e!,S66&’fD7 
7,'O00E+01 
i;A4t£+oi 


t = loooo s 


Table 0-1 


Global Quantities Printout for Half LOX Tank.- Case 2 

(British Units) 


MA33 XNF* LOW rate CLBM/8) 
CALCULATED OUTFLOW (LBM/3 ) 
TOTAL MABS OF LOX CUM ) 
TOTAL LOX VOLUME 

total Massaenth cbtu ) 

AVERAGE DENSITY (LBH/Ft**3) 

average temperature c R ) 


a 3* 099E40 1 
a *3 f 9e3fc40i 
a 4*0&6£4§5 
a 5*74?E403 
a ZilllMI 
£ 7 1 076140 1 

a t t 650E402 


MASS 1 NT LOW Rate CLBM/8 ) 

CALCULATED OUTFLOW (LBM/0) 
TOTAL MASS OF LOX CLBM ) 

TOTAL LOX VOLUME (Ff**3? 

TOTAL MASsaENTH CBTU ) 

Average density clbm/ft**3) 

AVERAGE I EMPERATURE C R ) 


a 3iOB6E40i 
a *3,9781401 
B 3,8$1I40 $ 
6 $*446E403 
a 2»S87E407 
« 7,07ifc4oi 
a i t 653E+02 


MASS 1NFLUW RATE (LBM/S) 
CALCULATED OUTFLOW (LBM/S) 

Total mass of lux clbm ) 
total Lux volume cFt**3) 

tOTAL MaBSaENTH CBTU ) 
AVERAGE density (LBM/Ft**3) 
average temperature C R ) 


3^ 057E40 t 
*3,94ifc40i 
JU80E405 
S,025E4O3 t 
2.39OE407 
7i06sE40i 
1U56E402 


MASS INFLOW RATE CLBM/8) 
CALCULATED OUTFLOW (LBM/S) 

Total mass of lox clbm j 
TOTAL Lox VULUME ( f T * a 3 ) 
TOTAL MASsaENTH cbtu ') 
Average density clbm/ftm3> 
AVERAGE temperature C R ) 


a 3 , Q55E4Q i 
a *3»'98iE401 -i 
a i,229E405 • 

= 4,‘574E403 t 

» 2*'it8E4o? 

« 7,06jtl40i 

» 1,6§8E402 


Table G-2 


Global Quantities Printout for Half LOX Tank - Case 2 


= 12000 S 


« 14000 S 


= 16800 S 


= 19800 S 


(British Units) 


MASS INFLOW RATE tKG/8 J 
calculated OUTFLOW (Kg/S) 
TOTAL MASS OF LOX (KG ) 
fOtAL UO>t VOLUME (MaaJ) 
TOtAL MaSSaENTH (JOULES) 

average density ckg/m**3 ) 
average Temperature ( k ) 


i*389E+0t' 

. 2 , 1066+01 

2,'336E + 05 

2 , 0536+02 
3 * 6006+10 
1 , 1386+03 
9, '0736 + 01 


t = 2000 S 


MASS INFLOW RATE '(KG/S) 
CALCULATED OUTFLOW (KG/S) 
TOTAL MASS OF LOX (KG ) 
Total Lux volume (M**3) 
TOTAL HASsaENTH (JOULES) 
Average density ikg/Maa3 ) 
AVERAGE TEMPERATURE (' K ) 


1*3896+01 
-1,'768E + 01 
2,2376+0$ 
1 ,'9686 + 02 
3,4576+10 
1 ,1376+03 
9 f o9«e+oi 


MASS INFLOW RATE (RG/3) 
CALCULATED OUTFLOW (KG/S) 
TOTAL MASS OF LOX (KG ) 
tafAL Lux volume (M**3) 
TOTAL MaSS*ENTH (JOULES) 
AVERAGE DENSITY (KG/M**3 ) 

AVERAGE TEMPERATURE l' K ) 

MASS INFLOW rate (KG/ 8) 
CALCULATED OUTFLOW (Kg/S) 

total mass of lux ikg ) 

TOTAL.. LOX. VOLUME (M**3) 

Total Massaenth ( joules j 
Average Density CKG/Ma*3 ) 
AVERAGE TEMPERATURE ( K ) 


' 1 ,3896 + 01 
*1, '7956+01 
2 ,' 1 386+65 
i, '8836+62 
3,'3126+iO 
i ,1366+03 
9*;iiije.+ot 

1 ,3886+01 
"1.7936+61 
2 , 0406 + 6 $ 
1,7586+62 
3,1676+io 
1,1356+63 
9,1336+61 


MASS ' INFLUW RATE ' (KGXS) 
GALCULAT6D OUTFLOW (KG/S) 

total mass of lox ikg j 

TOTAL Lox VOLUME (Maa3) 
TOTAL MaSSaenTH (JOULES) 
average density (Kg/m**j- j 
AVERAGE TEMPERATURE t ' k ) 


1,3886+01 
"1,7966+01 
1 ,9426 + 65 
1,7126+62 
3,' 0216+10 
1 . 1346+63 
9,'156E+0i 


Table G-3 

Global Quantities Printout for Half LOX Tank - Case 2 









HASS i NFUUW R A t E » 

wAtQUU’ATED OUTFLOW (KG/S) « 

Total mA&s of lox c kg ) » 

TOTAL lux VOLUME = 

TOTAL MA$S*ENTH (JOULES ) « 

AVERAGE DENSITY CKG ) » 

AVERAGE lEMPERATURE < K ) s 
- *• 


i.jore+or 

«* i S96E+ 0 1 
i .da^e+os 
1.627E+02 
2 ,87SE.+ to 
1,1336+03 
9,1 666+0 i 


= 12000 S 


HASS INFLOW RATE tKG/35 s 1,3876+01' 

CALCULATED UUTFLOW C KG/S ) A *1, 8046+01 

TOTAL HASS OF LOX (KG } s l,'746E + 05 

total Lox volume (M**3) a i ; s4se+o2 

tOtAL MaSS*ENTH (JOULES) = 2, ’7276+10 

AVERAGE DENSITY (KG/Maa3" ) s 1, '1326+63 t = 14000 S 

AVERAGE TEMPERATURE t' K ) = 9*1816+01 


MASS INFLOW rate (KG/S) b 
CALCULATED OUTFLOW (RG/S) = 

Total mass uf lux ckg ) s 

TOTAL LOX VOLUME (MaaJ) b 

TOTAL MaS 3*ENTH (JOULES) s 
average density (kg/maaj ) = 
AVERAGE temperature 1 K ) a 


1 , 3866 + 01 
-.1,7876+01 
1,61 0E + D5 
1,4836+02 
2 , 3206+10 
1,1326+03 
9 .1976+01 


16800 


MASS INFLOW RATE (KG/S) = 1,3066+01' ' 

CALCULATED UUTFLOW (KG/S) i -1,8036+01 

TOTAL MASS OP LOX (Kg ) 6 1, 0656+05 

TOTAL Lox VOLUME (M**3) s 1,2956+02 t - iqsnn s 

TOTAL MaSSAENIH (JOULES) 6 2, '2966+10 b 

AVERAGE DENSITY (KG/M*A3 ) = 1,1316+03 

average Temperature r k ) * 9.213E+01 


Tabl e G -4 

Global Quantities Printout for Half LOX Tank - Case 2 

(S.I. Units) 


APPENDIX H 


Global Parameters Printouts, for Test Case 3 


MASS INFLOW KATE (LBM/S) b 
CALCULATED OUTFLOW dBh/S) b 
total mass OF LOX cLbm ) & 

1 Q 1 A L Lux VOLUME b 

TOTAL MASSaEN'TH (B TO * ) a 
AVERAGE DENSITY (LBM/PU*3) « 
AVERAGE TEMPERATURE < R') - 

M >» 


3,063BE+0i 
"4, t>ESAE40i 
5,I$26fc,*03 
T ,‘23056401 
3;4i»fc40? 
7;io64E4Qi 
t;63l0640a 


MAtfS INFLOW RATE (LBM/8) 
CALCULATED OUTFLOW (LBM/S) 
tDf AL MABS OF LOX (LBM ) 
TOTAL LUX VOLUME lPT**3> 
TOTAL HA-SSaENTH CWTU *) 
AVERAGE DENSITY (LBM/F?aa3) 
AVERAGE TEMPERATURE { R ) 


a 3 , 0626E+0 i 
B -4,'i 1616401 
a 4,’93$SE40S 
b 6,*9i|96E40i 
a 3,275SE+Q7 
a t f 10 iTETOi 
a jt f 6346E*02 


MASS INFLOW IUtE U-BM/S) 
CALCULATED OUTFLOW (LBM/S/ 
Total mass of lox clhm ) 
Total Lox volume cfta *3) 

TOTAL MAS'SAENTH (BlU ) 
AVERAGE density clejm^f I a a3 j 
average Temperature c r ' ) 


3*UMttE + 0i 
"S.vti l 
4,7i,S?e40$ 

A , 1 360E407 
?;c96flfe40i 
1,63*36402 


MASS INFLOW Rate CL0M/S) 
CALCULATED OUTFLOW Cl.BM/8) 
TOTAL MASS OF LOX (LBM ) 
TOTAL LUX VOLUME (FTaa*) 
TOTAL MassaENTH CBTU ) 
AVERAGE DENSITY ( L B M / F t a a 3 3 
AVERAGE lEMPERATURE t R ) 

V * * 


s 3,06086+di 
8 -3, '98666+81 
6 8, '80206+05 

» 6,39826+03 

8 2 ,999961 0? 

8 7,09t8t+61 

8 1,69096+02 


HASS 1NHLUW RATE (LBMX3J 
CALCULATED OUTFLOW (LBM/S) 
TOTAL MASS OF LUX (LBH 1 
TOt AL LOX VOLUME (FT**i) 
TOTAL' MAS'S*ENTH C H TO ) 
AVERAGE DENSITY ( LBMXf f A *3 ) 
AVERAGE iEMPERATUITE l ' R 1 


8 3 , 089SE + 0 1 

6 -3,98066+01 
8 8,28566+08 
s 6,09996+03 
6 2,86136+0? 
i 7 , d86?E+01 
# 1,64386+02 


Table H-l 


8 2000 S 


= 8000 S 


= 6000 S 


= 8000 S 


= 10000 S 


Global Quantities Printout for Half LOX Tank - Case 3 


MASS INFLOW RATE UBM/S) 
CALCULI r OUTFLOW (LBM/S) 
TOTAL MASS OF LUX (IBM ) 
tPtAL LUX VOLUME (M**3) 
TOTAL MaSSaENTN ttJTU ) 
AVERAGE DENSITY CLBM/F|**3) 
AVERAGE TEMPERATURE ( R ) 


a 

4. 

«T 


a 


a 


* 



3 , 056BE + 0 1 
«3,9S^E-f6i 

S*7HBEI03 
2,72 SBE49? 
7*OSi$E40i 
1 e 646TIE4 02 


MASS INFLOW RATE (LBM/S) , a 
CALCULATED OUTFLOW (LBM/S) a 

Total mass of lux (Lbm ) a 

lUtAL Lux VOLUME CFT**A) a 
TOTAL HASSaENTH (BIG ) a 
AVERAGE DENSITY UBM/FUA3) a 
AVERAGE IEMPERAI'URE ( R') * 


3 i 0579E + 0 1 
-3»96sqE40i 
M536E+0S 
5*WBE403 
2,5Bi?fc+07 

uonmn 

t,6^AE402 


MASS INFLOW RATE (LBM/S) 
CALCULATED OUTFLOW (LBM/S) 

TotAl mass of lux (Lbm ) 
total lux volume ( F T * * 3 ) 
TO t AL MASS*P.NTH ( B T U ? 
AVERAGb DENSITY (LBM/FT**3) 
AVERAGE TEMPERATURE ( R ) 


$ f 0S69ET 0 1 
-3 , 961 7E40 i 

S. IrSOEFO* 
2 # W2£40? 
7 ; 0712E401 
1,652^E4o2 

• • - • : t 


MASS INFLOW RATE (LBM/S) a 
CALCULATED OUTFLOW (LBM/S) a 

Total mass of lux ubm j a 
Total Lux volume cft** 3) a 
total Mas'SaENTH (idTU ‘ ) a 
Average density clbm/ft**3) b 

AVERAGE TEMPERATURE ( R ) a 

W. M * 


3 , 0559E + 0 1 

»3,960S£4Ol 

3,42302435 
4,64fl2em 
2,3343643? 
7, 0662E+01 
1,65846482 


MASS mUM KATE (LBM/3) = 3* O55OE + 01 

CAUCULA OUTFLOW (LBM/S) a -4 , 6 0 1664 Q j‘ 
TUfAL MASS UK LUX (LBM ) a 3,22986488 

TOTAL LUX VULUMf, (KT**3) a 4,573SE403 

TUTAL MASSAtNTH ( H TU ) a 2, >782640? 

AvERAGk UEN8ITY (LBM/K t'**3) a 7,06132431 
AVERAGE | EmRERA TURE C R ) a 1,65022402 


Table H-2 

Global Quantities Printout for Half LOX Tank - Case 3 

(British Units) 


= 12000 S 


t = 14000 S 


t = 16000 S 


t = 18000 S 


t = 19800 S 


MASS INFLOW KATE (KG/S) a 
CALCULATED OUTFLOW (KG/S) « 

Total mass of tox ckg ) * 

‘(CJiAL Lox VOLUME, (Maa 3) a 

TOTAL MaSSAENIH (JOULES) a 

AVERAGE DENSITY ( K G / M * * 3 * ) * 

AVERAGE IEmPERATURE ( K ) * 

» 


i,3s95fToT 

»2*0mfc*0i 

8i3S6BtfO$ 

2 t '6*3H'f<i2 

J f $984(Ui0 

i ; t jfeesEf os 

9,‘oBS^E^OI 


MASS INFLOW RATE (KG/S) a 
CALCULATED OUTFLOW (KG/8) a 

Total mass of lux ckg ) « 

TOTAL Lux VOLUME (M**3) a 
TOTAL MA3S*ENTH (JOULES) a 
Average density (kg/M**3 ) » 

AVERAGE TEMPERATURE ( K ) !S 


t » S890E + 0 i 
, B640E. + 0 i 
2*2$S3E + ()<> 
1.96T9EF0R. 
3»493iBtiO 
i;i3?4E+0* 
9 , 08 13E + 0 1 


mass Inflow rate ckg/s) = 
Calculated outflow c kg/s 3 « 

TOTAL MASS OF LUX CKG ) c 
iOTAL' LUX VOLUME IM**3) a 
j 0 1 A L MAS3*ENTH (JOULES) s 
AVERAGE DENSITY (KG/M*a 3 ) e 
AVERAGE TEMPERATURE C K J « 


l t 3B86E+0i “ 
«i ( 'B0i3E-f0i 
2ii*luOE4o$ 
i;S82BE40S 
3 1 i ti 8 y E + i 0 
1 „'Hs6Efo3 
9 f J o9ME , foI 


MASS INFLOW RATE 
calculated OUTFLOW 
Total mass of lox 

to TAL -Lux VOLUME 

Total maBsaenth 


AVERAGE 

AVERAGE 


(KG/S) 
(KG/S) 
(KG ) 

( M A A 3 ) - 
(JOULES) 


DENSITY (KG/Maa* ) 
'ERATURE ( K ) 


MASS 
CALCULA 
TOTAL 
!T.?tAL Lux 
Total Mas 
average de ! 
Average 



RATE 
UTF'LOW 
F LUX 
Lume 
TH 


(KG/S) 
(Kg/s; 

(KG ) 
( M A A 3 ) 
(JOULES) 


|l T Y (KG/MAA3 ) 
•RATURE ( * K ) 


s 


1 *38Bie + 0i • 
-i»6tjfey6 + 0i 
2,04171:405 

-unni.i'dk - 

3,16246410 

i*13se6403 

9,113,41401 


1 , Jenetoi 

-1 , 00336+01 
1 ,94366403 
1*71246+92 
3 * 0 1 6§E+ 1 0 
1 4 i 3306+03 
9,12906401 


Table H-3 

Global Quantities Printout for Half LOX Tank - Case 3 

( S . I . Units) 


= 2000 S 


= 4000 S 


= 6000 S 


: = 8000 S 


= 10000 S 


MASS INFLOW RATE (KG/S) *4 
calculated OUTFLOW CKG/SJ b 
.tUfAU MA&8 UP LUX (KG ) s 
TOTAL tOX VOLUME ( M* a 3 J s 
TOTAL HaS'SaLNTH (JOULES) a 
Average density ckg/m** 3 ) a 
AVERAGE TEMPERATURE ( K J a 


umae+oT 

1,80646401 

1,04866405 

1,62726402 

2,07036410 

i,i342E4o3 

9.1*1686401 


t = 12000 S 


MASS 1 NT LOW RATE (KG/S) c 
CALCULATED OUTFLOW (KG/S) a 
TOTAL MASS OF LUX (KG ) a 
t O i A L Lux VOLUME (M**3) a 

Total mass*enth (joules) a 

AVERAGE DENSITY CKG/M**3‘ ) a 

average Temperature ( k ; a 


1 ,30636m 
*1,798*2401 
i;7*»?76409 
W542U402 

z,nmno 

i;Uii64o3 

9,16356401 


t = 14000 S 


MASS ■ INFLOW RATE- (KG/S) 
CALCULATED OUTFLOW (KG/S) 
TOTAL MASS OF LUX (KG ) 
.TOTAL LUX VOLUME (M**3) 
TOTAL MA$8*ENTH (JOULES) 
AVERAGE DENSITY (KG/Ma*3 ) 

average Temperature ( k ) 


b — 1,38636401 
a -1,79676401 
s 1, 65006405 
S 1,45696+02 
a 2,57666410 
a 1,13256403 
s 9,1800640! 


t = 16000 S 


mass Inflow rate ckg/s) a 
CALCULATED OUTFLOW (KG/8) a 
TOTAL M A3 s OF LUX (KG ) a 
TOTAL Lux VOLUME (M**3;> a 

total Mass aenth cjuules) a 
AVERAGE DENSITY CKG/ma*3 , ~ 
AVERAGE TEMPERATURE r k ) a 


1 , $059640 1 
- 1,79986401 
i *55246408 
1,37176402 
2*42966410 
1*13172403 
9,19666401 


t - 18000 S 


mas.? Inflow rate (kg/s) 

CALCULATED OUTFLOW (KG/S) 
TOTAL mass of LUX (KG ) 
TOTAL Lux VOLUME (Ma* 3 ) 
TOTAL Ma 88*ENTH (JOULES ) 
AVERAGE DENSITY (KG/MAA3 ) 
AVERAGE f EMPERA TURE ( K ) 


Table H-4 


a 1 ,§8566401 ‘ 

* -l f #H064Oi 
a 1 1 ,46466405 

a 1,29516402 t « 19800 S 
« 2 ,2962641 0 

b 1 ,13096403 » 

B 9, 21216401 $ 

’»**•••• ♦I 


Global Quantities Printout for Half LOX Tank - Case 3 


(S.I. Units) 


APPENDIX I 

Global Parameters Printouts of Test Case 4 



MASS INFLOW RATE UBM/S) s 
CALCULATED OUTFLOW (LBM/S) b 
TOTAL MASS OF LUX CLBM ) a 
TOTAL LUX VOLUME CFT**3) * 
TOTAL HASSAENIH (BTU ) s 
AVERAGE DENSITY CLBM/F t » 
AVERAGE TEMPERATURE C R ) * 


3|063SE’fQi 

SiflSSflE-fOS 
4,$3$?Ef03 
2,27?9EfO? 
7 ; l04$E4oi 
Ii6$i2£ > f0£ 


MASS INFLOW RATE (LBN/S) a i.OfeEUEfOl 
CALCULATED OUTFLOW CLBM/5) = -M, ibSfcE’f 0 1 
TOTAL MASS OF LUX CLBM ) - 3,2ib6E46s 

TOTAL LOX VOLUME CH**3) = 4 ,S3'4 YE + OS 

Total Massaenth cb t 0 ) = a.tAoOt-Fo? 

AVERAGE DENSITY (LBM/FT**3) ® ?*09?3E+Ot 

AVERAGE TEMPERATURE C R D = KE372E + 02 


MASS INFLOW HAT'E (LBM/S) 
CALCULATED OUTFLOW (LBM/S) 
TOTAL MASS OF LUX U.BM ) 
TOTAL U)X VOLUME (F|**3) 
TOTAL MaSs*EN|H ( B 1 0 ) 

AVERAGE DENSITY (LBM/n**3) 

average Temperature c R"j 


- 3 , 06 1 SE;-f 0 I 

* -i,9756ET0l 
a SfOOSlE-foS 
= 4,'2i4iE-f03 

s H^ogi/E-fo? 
= 7,o9o£E4oi 
a i.64J3Ef02 


MASS INFLOW RATE CLBM/S) s 3 . 060 BE +01 
CALCULATED OUTFLOW cLBM/S ) s - 3 t 9 B 6 lEf()i 
TOTAL HASS OF LUX Cl 0 M ) a 2 # 786 l>E-fO$ 
TOTAL LUX VOLUME (M** 3 ) 5 3 , 9334 t 403 

Total mass*enth cbtu ) a i w a 6 3 o E -f 0 ? 

AVERAGE DENSITY UBM/FT** 3 ) a 7 ,O 830 E+ 6 i 
AVERAGE TEMPERATURE t R ) a t f (E* 45 SEt 6 a 


MASS INFLOW RATE CLBM/S) a 3 * 0598E+0 1 
CALCULATED OUTFLOW CLBM/S) a «3,9W&40i 

total mass of lux clbm ? « a;sfO4E40$ 

TOTAL LUX VOLUME CFT**3) a 3 f 6326E403 
TOTAL HASSaENTM (ByU ') a i,723bEfQ? 

Average density ubm/fu*3) » 7,p760E401 

AVERAGE TEMPERATURE C R 3 « t f 6496E402 


Table I'-l 

Global Quantities Printout for Half LOX Tank - Case 4 

(British Units) 


= 2000 S 


t * 4000 S 


t = 6000 S 


t = 8000 S 


t = 10000 S 


HASS iNFLUW Ra I a U8M/S) 
CALCULATED OUTFLOW UBM/S) 
TOTAL HASS UP LOX Cl-BM ) 
TOTAL Lux VOLUME (FT* *3) 

ten al mas'saenth eBru ) 

AVERAGE U L N S J I V <LBM/Ft**3J 
AVERAGE I EmP£Na fUR£ t H ) 


s f oseee+oi 
*<i;o(l72£4oi 
2,3SS3I“40$ 

i,5037E40? 

7 • 0691 £40 i 
t#6Sijfc. + 02. 


MASS INFLUX HATE (LDM/S) 

calculated outflow (LBM/S) 
Total mass of lox c lbm ) 

TOTAL LUX VOLUME CFT**3) 
TOTAL MAS3*ENTH (Bl'U ) 
AVERAGE DENSITY t LBM/F T*a3 } 
AVERAGE temperature C R ) 


a 3 f 0579E+0J 
a *4 ,0 1 9 0 £ 0 1 
& 2,U0$E4 0$ 

a 3,O3ICE403 
a l,im3iEfQ? 
a 7 f o0aoE-fOi 
« i.Asm-foa 


MASS INFLOW RATE (LBM/S) a 
CALCULATED OUTFLOW UBM/S) = 

Total mass up lox clbm ) = 

tUTAL LUX VOLUME (Fl**3) = 

fUlAL MASS*F,N|H (HTU ) = 

AVERAGE DENSITY U6M/Ft**J) a 

AVERAGE iemreRature t R ) b 


3 # 0S69E+UI 
**4,(j3O0E4Qi 
1 ,9260l4(j$ 
2, 73 o 2E4<)3 
1 ,3U2SE407 
/,U$44£40l 
i .66 22E 452 


MASS INFLOW RATF: UBM/S) a 

calculated OUTFLOW CLBM/s; = 

tUTAL MASS OF LOX (LBM ) a 

Total lox volume cft**3) = 

total Mass*enth c b TO ) a 

AVERAGE DENSITY UBM/FT**3) = 

average Temperature c r' ) » 


3 ^ 0559E + 0 1 
-4,Q43$Et0i 

i f maE+os 

2,/429SE403 
i, 16BE407 
7 * O460E40 1 
i t 667iE40a 


MASS INFLOW RATE (LBM/S) a 
CALCULATED OUTFLOW (LBM/S) a 

total mass of lux .(Lbm ) = 

f U If A L LOx VOLUME (FT* A3) a 
tUTAL H A S S * E N f H (BfO ' ) a 

AVERAGE DENSITY ( L BM/F f **3 ) a 
AVERAGE TEMPERATURE t R ) a 


3,0S5^Ef01 

*4,06091:401 

14S19JE 40$ 
2, jS87i:403 
i,"0343E4O? 
7, 0372E40 i 
i f 6722E402 


Table 1-2 

Global quantities Printout for Half LOX Tank - Case 4 

(British Units) 


= 12000 S 


= 14000 S 


t * 16000 S 


t = 18000 S 


t = 19800 S 


MASS INFLOW RATE fKC/S) 

CALCULATED OUTFLOW CK6/3) 

TOTAL MASS OF LUX CKU ) 
TOTAL LUX VOLUME 

total Ma8s*enih (^l^s 

AVERAGE DENSITY (KU/M**3 ) 

AVERAGE TEMPERATURE C k J. 


1 , 3B95E40 t 
*2,0?2$£40i 
l,«$$$0fc40$ 

1, A69^402 

2, aol3E4iO 
t,U78E403 
9 f oTig^+fii 


t » 2000 S 


MASS INFLOW RATE (KG/ST 
CALCULATED OUTFLOW (KG/S) 

total mass of lux ikg ) 

tui At, Lux VOLUME (M**3) 
To! AL Ma'SSaENTH (JOULES) 
AVERAGE DENSITY (KG/M**3 ) 

AVERAGE lEMPERATURE C K ) 


1 ,3B90EtOI 
-l ,09OSE4 o i 
1 , 4 *>97640$ 
1 f 2tt4it + b<i 
2,2^60E4iy 
i, 1367E4U3 
9,O9S7E40l 


t ■ 4000 S 


MASS INFLOW RATE (KG/S) 
CALCULATED OUTFLOW (KG/S) 
TOTAL MASS UF LUX (KG ) 

Total Lux volume <m**3) 
Total nas's*enth cjuules) 

AVERAGE OENSITY (KG/M**3" ) 

average temperature ( k ) 


3 1 f 38B6E 40 i 

s «i,80i(j£40i 

S 4 4 A T £ v 1 ri i£ 

~ r * f v * •»' I W T V 

= 1 ,19906462 

» 2, 1 1 0264 i O 

= 1, '14566403 

= 9,11866405 


t = 6000 S 





MASS INFLOW RATE t K G / S } 
UALCULA TF-O OUTFLOW (KG/S) 
TOTAL MASS Of LOX (KG ) 
TOTAL -lUX VOLUME- • ('•***41 
TOTAL H A S 3 * l N I H (JOULES) 
AVERAGE OtNSlIr (KG/M**3 ) 
AVERAGE TEMPERATURE l K ) 


1.J881E+01 
-1,00786401 
1, 26356405 
1. 11306402. 
1 .96396+10 
t ,13446403 
9,l4l7t + ('i 


MASS INFLOW RATE (K(i/S) * 
CALCULATED OUTFLOW (1(6/3) s 

Total mass of lux (ko ) * 
tat Al, Lux VOLUME (M**3) s 
tat AU MASS*6NTH (JOULES) 6 
Average density (kg/m** 3 ) = 
AVERAGE lEMPERATURE ! K 1 s 


1,48776401 
-1 ,81166401 
1,1 65764 OS 
1,02866402 
1 ,81706410 
1113446404 
9,16476401 


t = 8000 S 


t = lOOOO S 


Table 1-3 

Global Quantities Printout for Half LOX Tank - Case 4 


(S.I. Units) 


MASS INFLOW RATH ( K G / 3 ) 
Calculated uu r f l u w (kg/sj 
TOTAL MASS U F LUX (KG ) 
fUjAL LOX VOLUME (m**3) 
TOTAL HaSS*HNTH (JOULES) 
AVERAGE DENSITY (KG/H**3 ) 
AVERAGE TEMPERATURE ( K ) 


S* l,3872t+0i * 

= i;o6»2t+os 
s ‘MJtfSfc + ui 
b 1 f 66951:+ i 0 
s n lissEtoi 

a 9.1O7OH + 01' 


mass Inflow rath (kg/s) 

CALCULATED OUTFLOW (KG/S) 
TOTAL MASS OF LUX (KG J 

total Lux volume (m**3) 
TOTAL M A S 3 a E N T H (JOULES) 
average density (Kg/m**3 j 
average iemperature ( k j 


= 1,3868E+Ql 

» ~M22?E*ol 

= 9 f 707^ + 04 

» S,502OE-fOl 
a 1,521 SET tO 
a l.UiOE'foA 
« 9 f 209^E-f 0 J 


MASS INFLOW RATE (KG/S) 
CALCULATED OUTFLOW (KG/SJ 

Total mass of lux (kg j 
Total Lux volume (M**sj 
Total Masshnth (juules) 
AVERAGE DENSITY (KG/M**3 ) 
AVERAGE TEMPERATURE ( K ) 


1.3863£+oi ‘ 
-1 ,627ttf 01 
8, 7346E+04 
7,7311^01. 
i^m-fto 
1 , 12VoE-fo3 
9,2342E+oi 


MASS INFLOW RATE (KG/SJ 
CALCULATED OUTFLOW (KG/SJ 

Total mass up lox (kg j 
total Lux volume (m**3j 
TOTAL HaSS*ENTH (JOULES) 
AVERAGE DENSITY (KG/M**3 ) 

average Tempera iure ( k j 


1 f 3S59E+01 
"1 , 0338H+O 1 
7* 7632E+04 
6 , 8 7 9 4 £ f 0 i 
1 ,2244EH0 
l f ‘1285£f03 
9 ,26 )l 6 £ + 0 1 


MASS INFLOW RATE (KG/S) 
CALCULATED OUTFLOW (KG/S) 

total mass up lux (Kg ) 
Total lux volume (Ma*3) 
total K A 8 3 * E N T H (JOULES) 

Average density ckg/m**3 ) 
average Temperature ( k j 


1 , 305513. + 0 1 
- 1 „ 0 4 1 7 £ f 0 1 
6,8096£-f04 
6,'iiseE-foT 
1 ,09/J4Ef tU 

i*U?U + o3 

9,2900E’f0I 


Table 1-4 

Global Quantities Printout for Half LOX Tank - Case 4 


(S.I. Units) 


= 12000 S 


t * 14000 S 


t = 16000 S 


t - 18000 S 


t = 19800 S 


